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Abstract
The turbopump is the most commonly used fuel pump for liquid rocket engines; however,
they are complex and extraordinarily expensive. In contrast to the turbopump, Dr. James
Blackmon designed and patented a low cost, alternative fuel pump design, the Reciprocating
Feed System (RFS). Dr. Blackmon, along with others, have worked on developing physical test
models as well as a trade study analysis code. The trade study analysis code was originally
developed as part of a project at McDonnell Douglas Aerospace Company and was further
developed by graduate students at The University in Alabama in Huntsville (UAH). The trade
study code is capable of comparing the performance of the RFS to turbopump and pressure-fed
systems. While the trade study code’s analysis results were accurate when compared to actual
aerospace systems, the code lacked the ability to easily incorporate variable thermochemical
parameters into the analysis. The inclusion of these thermochemical parameters (specific
impulse, expansion ratio, mixture ratio, etc.) were the focus of this Honors Capstone Project.
To complete the project, propulsion chemistry software, CequelTM, was used to calculate
the specific impulse based on different rocket engine geometries, chamber pressures, and
propellant mixture ratios. Using the data collected from CequelTM, non-linear mathematical
expressions were created that modeled the specific impulse as a function of the aforementioned
rocket engine parameters. These expressions were incorporated into the RFS trade study code
and enabled total launch vehicle or spacecraft system optimization, without separate rocket
engine analysis. Furthermore, the results of this optimization validated the principle that
maximum engine specific impulse does not maximize the rocket payload. Having added the
thermochemical engine analysis portion to the original trade study code, the code is now selfcontained and capable of quick and convenient system mass optimization with curves of the
major subsystem parameters.
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Introduction
In the rocket propulsion industry, there are two main types of rocket engine fuel pumps,
pressure-fed systems and turbopumps. The pressure fed system operates by simply pressurizing
the rocket’s entire fuel tank and then using the high tank pressure to transfer the fuel into the
rocket engine. While this method offers simplicity, it has only limited use due to its high system
weight. The turbopump operates by using gas-driven impellers to pressurize and pump the fuel.
A turbopump is much lighter than a pressure-fed system; however, it is considerably more
expensive and has lower reliability. To overcome the challenges presented by these two systems,
Dr. James Blackmon developed the Reciprocating Feed System (RFS) fuel pump (Blackmon
2018). The RFS can operate with two small pressurized “run” tanks that are each initially filled
with fuel and pressurized from a high-pressure reservoir; however, improved capability is
achieved with three or four “run” tanks. To begin pumping, one of the tanks is opened and the
fuel is expelled into the rocket engine. Once the first tank is empty, the second tank begins to
expel fuel into the rocket engine while the first tank is refilled with fuel and re-pressurized.
Using this system, the two tanks can “reciprocate” and maintain a constant supply of fuel to the
rocket engine. The addition of a third or fourth tank allows for smoother fuel flow, redundancy,
and fail-operational capability, which greatly improves system reliability.
When compared to the conventional fuel pumping methods, the RFS is a low cost, low
overall system weight alternative. In order to validate its performance, a trade study code was
developed that compares the performance of the RFS directly with the turbopump and pressure
fed system. This trade study code originated as part of a project at McDonnell Douglas
Aerospace Company. Additional development of the code was done by graduate students at
UAH and the code now offers an analytical comparison of the three fuel pump types. The code
offers a complete analysis of the pumping systems in terms of the overall system mass; however,
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it does not allow for variable thermochemical rocket engine properties. The automatic inclusion
of these variable rocket engine properties to the trade study code is the focus of this Capstone
project.

6
Chapter 1: Specific Impulse Calculation
A rocket engine has many properties that are important to consider when developing and
designing the engine. Four of the most important properties are the engine’s expansion ratio,
chamber pressure, mixture ratio, and specific impulse. The engine’s expansion ratio is a
geometric ratio between the area of the rocket engine’s throat and exit. Chamber pressure is the
pressure inside the rocket engine’s combustion chamber and mixture ratio is the ratio of oxidizer
and fuel being burned in the combustion chamber. Expansion ratio, chamber pressure, and
mixture ratio effect the engine’s specific impulse, which is a measure of the engine’s efficiency.
Calculating specific impulse using expansion ratio, chamber pressure, and mixture ratio is
difficult to do analytically since it relies heavily upon the thermodynamics and chemistry of the
fuel being burned. Therefore, to solve for specific impulse, a proprietary thermochemical code,
CequelTM was used. CequelTM uses the three properties previously mentioned to calculate the
specific impulse for a given fuel/oxidizer combination.
The RFS trade study code factored in the engine’s specific impulse into its analysis;
however, it did not automatically calculate the change to specific impulse if one of the three
aforementioned properties were changed. Therefore, when using the RFS code, the user was
required to repeatedly update the trade study code based on the output of a thermochemical code
such as CequelTM. To improve this analysis process, the thermochemical code needed to be
integrated into the already standing RFS trade study code.
Method
The first consideration had when trying to integrate a thermochemical code into the RFS
trade study code was to just use CequelTM. Both the RFS trade study code and CequelTM run in
Microsoft Excel, so the two could have been combined without much trouble. The issue is that
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CequelTM is a proprietary code that requires a license to run. UAH has several licenses to
CequelTM, but if the RFS code utilized CequelTM, it would always require license access and
would no longer be stand-alone. Therefore, it was desirable to develop some type of
mathematical expression or function that when provided inputs for chamber pressure, expansion
ratio, and mixture ratio, an accurate estimation for specific impulse could be calculated. This
function would be easy to integrate into the RFS code and would offer simplicity and stand-alone
functionality.
CequelTM Data in Excel
In order to develop a mathematical expression, CequelTM was used to generate specific
impulse results as a function of chamber pressure, expansion ratio, and mixture ratio. Therefore,
the expression was assumed to have the general form of Equation 1.
𝐼𝑠𝑝 = (𝐴1 𝑀𝑥1 + 𝐴2 𝑀 𝑥2 + ⋯ + 𝐴𝑖 𝑀𝑥𝑖 ) + (𝐵1 𝑃𝑦1 + 𝐵2 𝑃𝑦2 + ⋯ + 𝐵𝑗 𝑃 𝑦𝑗 )
+ (𝐶1 𝑅 𝑧1 + 𝐶2 𝑅 𝑧2 + ⋯ + 𝐶𝑘 𝑅 𝑧𝑘 )
Eqn. 1
Where, Isp is vacuum specific impulse
A, B, and C represent arbitrary coefficients
x, y, and z represent exponents
M is the mixture ratio
P is the chamber pressure
R is the expansion ratio
Although the initial form of the expression was assumed, the exact number of terms was adjusted
experimentally throughout the development process. To find the coefficients, a curve fitting
process had to be performed on data generated from CequelTM. The data required for curve
fitting needed to represent how the independent variables in Equation 1 would affect the specific
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impulse. Thus, to make it easier for curve fitting, the data generated had portions where two of
the variables were fixed and the third variable was changed and the response to specific impulse
was recorded. Table 1 shows an excerpt from one of the data sets where chamber pressure was
varied.
Table 1: CequelTM Data
CequelTM Specific Impulse
474.39
474.42
474.44
474.47
474.50
474.52
474.54
474.56
474.58
474.60
474.61

Chamber Pressure Mixture Ratio
250
5
267.1875
5
284.375
5
301.5625
5
318.75
5
335.9375
5
353.125
5
370.3125
5
387.5
5
404.6875
5
421.875
5

Expansion Ratio
160
160
160
160
160
160
160
160
160
160
160

A similar process was done for both mixture ratio and expansion ratio, where each were
respectively changed while the others remained fixed. The data was varied over a large range of
values for each of variables to develop the initial set of specific impulse expressions. To further
increase the accuracy of the curve fit, a set of random data was added to the controlled data sets.
The random data sets contained data in which the specific impulse was calculated using random
combinations of the chamber pressure, expansion ratio, and mixture ratio. The process of
generating the curve fit data sets had to be done for each fuel/oxidizer combination and each set
contained between 2500 and 4800 data points. To curve fit such a large number of data points, a
curve fitting script was written in MATLAB.
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Curve Fitting with MATLAB
To curve fit the data generated from CequelTM, the data was saved in a spreadsheet and
read directly into MATLAB. Using the MATLAB tool, nlinfit, a non-linear least-squares
regression was performed on the data. To use the nlinfit tool, the general form of the curve fit
expression had to be assumed. Then, the nlinfit tool was used to solve for the coefficients of each
term of the assumed expression form. Using the general form of the expression shown in
Equation 1, different numbers of terms were experimentally tried until an expression was found
that accurately curve fit the CequelTM data. Figure 1 shows a snippet of the curve fitting
MATLAB script.

T = readtable('CequelData.xlsx'); %Read in the Cequel Data
[rows,col] = size(T);
%Format the Cequel data into a matrix for the nlinfit funciton
for i = 1:rows
x(i,:) = [T.MixtureRatio(i), T.PressureOfChamber(i), T.AreaRatio(i)];
y(i,:) = (T.Isp(i));
end
% Define function that will be used to fit data
% (F is a vector of fitting parameters)
f = @(F,x) F(1).*x(:,1).^2 + F(2).*x(:,1).^1 + F(11).*x(:,1).^3 + F(12).*x(:,1).^4 +
F(15).*x(:,1).^5 +...
F(3).*x(:,2).^2 + F(4).*x(:,2).^1 +...
F(13).*x(:,3).^6 + F(14).*x(:,3).^5 + F(5).*x(:,3).^4 + F(6).*x(:,3).^3 +
F(7).*x(:,3).^2 + F(8).*x(:,3).^1 + F(9) + F(10).*(x(:,1) .* x(:,2) .* x(:,3));
%Perform Curve Fit
F_fitted = nlinfit(x,y,f,[.1 .1 .001 .01 .1 .1 .1 .1 300 1 1 1 1 1 1]);
% Display fitted coefficients
disp(['F = ',num2str(F_fitted)])

OUTPUT: F = -78.79722
50.69267
148.7226
0.05017156
0.09285172

186.52 -6.091808e-09 -0.0002318962
21.50674 1.759197e-05
17.44563

-0.9632125
-2.006682

Published with MATLAB® R2018b

Figure 1: Curve Fitting MATLAB Script

9.457802
-0.00104432

-
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As previously mentioned, this process was done for each fuel/oxidizer combination and
the result for the liquid hydrogen/oxygen specific impulse expression is shown in Equation 2.
The coefficients used in Equation 2 are listed in Table 2.
𝐼𝑆𝑃 = (𝐶1 𝑀5 + 𝐶2 𝑀4 + 𝐶3 𝑀3 + 𝐶4 𝑀2 + 𝐶5 𝑀) + (𝐶6 𝑃2 + 𝐶7 𝑃)
+ (𝐶8 𝑅 6 + 𝐶9 𝑅 5 + 𝐶10 𝑅 4 + 𝐶11 𝑅 3 + 𝐶12 𝑅 2 + 𝐶13 𝑅) + 𝐶14 𝑀𝑃𝑅 + 𝐶15
Eqn. 2
Where, C represents the arbitrary coefficients listed in Table 2.
Table 2: Hydrogen/Oxygen Curve Fit Coefficients
𝐶1
𝐶2
𝐶3
𝐶4
𝐶5

0.09285172
-2.006682
17.44563
-78.79722
186.52

𝐶6
𝐶7
𝐶8
𝐶9
𝐶10

-6.09E-09
-0.0002319
-0.00104432
0.05017156
-0.9632125

𝐶11
𝐶12
𝐶13
𝐶14
𝐶15

9.457802
-50.69267
148.7226
21.50674
1.76E-05

The expression Equation 2 was fitted for chamber pressures ranging from 500 to 24,000
psi, for mixture ratios ranging from 1 to 6, and area ratios ranging for 1 to 13. The expression
was tested by changing one variable and fixing the other two and calculating specific impulse.
CequelTM was used to calculate specific impulse using the same input parameters. The
expression was found to have a maximum percent error of 1.32% and a standard deviation of
percent error of 0.21% when compared to CequelTM. To further validate the expression, the
expression was tested by inputting random combinations of chamber pressure, expansion ratio,
and mixture ratio and calculating specific impulse. Once again, CequelTM was used to calculate
specific impulse using the same inputs and compared to the output of the expression. Under the
random input testing, the expression was found to have a maximum percent error of 5.21% and a
standard deviation of percent error of 0.79% when compared to CequelTM. For use as a system
trade study tool, especially for initial assessments, errors in this range are generally considered
acceptable.
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To further increase the accuracy of the expression, the data set range was decreased to
represent a more functional range (a chamber pressure of 24,000 psi is well beyond what a rocket
engine in practice would need) and additional data points were added. The results of this
modification resulted in a simpler expression and a more accurate curve fit. The final expression
for the liquid oxygen/hydrogen specific impulse is shown in Equation 3. The coefficients used in
Equation 3 are listed in Table 3.
𝐼𝑠𝑝 = (𝐶1 𝑀2 + 𝐶2 𝑀1 ) + (𝐶3 𝑃0.05 ) + (𝐶4 𝑅 2 + 𝐶5 𝑅) + 𝐶6 𝑀𝑃𝑅 + 𝐶7
Eqn. 3

Table 3: Hydrogen/Oxygen Curve Fit Coefficients for Equation 3
𝐶1
-2.556342

𝐶2
27.16624

𝐶3
1.17E+00

𝐶4
-0.000612985

𝐶5
0.2873198

𝐶6
8.93316E-07

𝐶7
371.1829

The expression shown in Equation 3 was optimized for rocket engines operating in space,
since this was the most likely application of the RFS. Therefore, it is valid for chamber pressures
ranging from 250 to 1000 psi, mixture ratios from 4 to 10, and expansion ratios from 40 to 280.
Compared against CequelTM results when changing one variable at a time, this expression offered
a maximum percent error of 1.01% and a standard deviation of error of 0.15%. To better
visualize the curve fitting, the following figures compare the specific impulse calculation of
CequelTM and the expression shown in Equation 3.
The comparison between the two specific impulse calculations when only chamber
pressure is varied can be seen in Figure 2. Although the trends do not overlap, when noting the yaxis values, it can be seen that the values are quite close and the R-squared value for the plot is
0.956. For the RFS trade study code, an exact curve fit was not required; therefore, the R-squared
value of 0.956, which is close to unity, was satisfactory.
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Figure 2: Hydrogen/Oxygen, Specific Impulse vs Chamber Pressure, Constant Expansion
Ratio and Mixture Ratio

Figure 3 shows the specific impulse comparison for a changing mixture ratio, while
chamber pressure and expansion ratio remain fixed. The curve fit closely follows the CequelTM
data points and has a R-squared value of 0.995. The R-squared value of nearly one indicates that
the curve fit is accurate and more than sufficient for use in the RFS trade study code.

Figure 3: Hydrogen/Oxygen, Specific Impulse vs Mixture Ratio, Constant Chamber
Pressure and Expansion Ratio

Finally, Figure 4 compares the specific impulse calculation for a varying expansion ratio.
Once again, the curve follows the trend of the CequelTM output closely and has a high R-squared
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value of 0.98. Having validated that the expression offered a close curve fit in all three scenarios,
the expression was deemed acceptable and was then implemented into the RFS trade study code.

Figure 4: Hydrogen/Oxygen, Specific Impulse vs Expansion Ratio, Constant Chamber
Pressure and Mixture Ratio

Since the RFS trade study code allowed the user to select different fuel/oxidizer
combinations, the same process previously explained was used to create specific impulse
expressions for the additional fuel/oxidizer pairs. Expressions were additionally developed for
methane/liquid oxygen, RP-1/liquid oxygen, and monomethyl-hydrazine/dinitrogen-tetroxide
(MMH/N204). Similar to the hydrogen/oxygen expression, the additional propellants have both
an expression for a wide range of input values and a more accurate expression for a narrow set of
input values. Equation 4 shows the more accurate expression for both RP-1/oxygen, and
MMH/N204.
𝐼𝑆𝑃 = (𝐶1 𝑀6 + 𝐶2 𝑀5 + 𝐶3 𝑀4 + 𝐶4 𝑀3 + 𝐶5 𝑀2 + 𝐶6 𝑀1 ) + (𝐶7 𝑃0.05 ) + (𝐶8 𝑅 2 + 𝐶9 𝑅)
+𝐶10 𝑀𝑃𝑅 + 𝐶11
Eqn. 4
As can be seen, Equation 4 closely resembles Equation 3; however, it contains four extra
terms that were required in order to perform an accurate curve fit. Table 4 shows the expression
coefficients used in Equation 4 for MMH/N204.
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Table 4: MMH/N204 Curve Fit Coefficients for Equation 4
𝐶1
0.3084766
𝐶7
12.1322

𝐶2
-7.006001

𝐶3
61.81555

𝐶4

𝐶5

-265.9823

564.6729
𝐶11

𝐶8

𝐶9

𝐶10

-0.000428092

0.2086451

-8.39E-07

𝐶6
-528.1767

458.364

Equation 4 was also used to represent the curve fit for RP-1/liquid oxygen; however, the
coefficients were changed. The coefficients are listed in Table 5.
Table 5: RP-1/Liquid Oxygen Curve Fit Coefficients for Equation 4
𝐶1

𝐶2

𝐶3

𝐶4

𝐶5

𝐶6

0.0974721

-2.638574

27.71183

-140.2003

336.761

-306.067

𝐶7

𝐶8

𝐶9

𝐶10

𝐶11

13.47

-0.00051013

0.2483153

1.46E-06

331.7534

When used with the MMH/N204 coefficients, Equation 4 is applicable for a chamber
pressures range of 250-1000 psi, a mixture ratios range of 1-5, and expansion ratios ranging from
40-280. The curve fit offered by Equation 4 when compared to CequelTM presented a maximum
percent error of 1.03% and a standard deviation of percent error of 0.17%. Equation 4, when
using the coefficients in Table 5, can also be used to calculate the specific impulse for rocket
engines using RP-1/liquid oxygen. For this fuel/oxidizer pair, the expression is valid for chamber
pressures ranging from 250-1000 psi, mixtures ratios ranging from 1-6, and expansion ratios
ranging from 40-280. Once again, when compared to CequelTM the expression had a maximum
percent error of 1.18% and a standard deviation of percent error of 0.32%.

15
The curve fit expressions used to find specific impulse, that are valid for a larger range of
inputs, for methane/oxygen and the previously mentioned fuel/oxidizer pairs can be found in the
appendix.
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Chapter 2: Integration and Results
Having developed mathematical expressions for calculating specific impulse, the
expressions could be integrated with the operational RFS trade study code. The expression was
easily added to the trade study code and the trade study code is now capable of taking into
account the variations in specific impulse when changes were made to the rocket engine. Once
the expressions were integrated, it was possible to verify the theory that the highest specific
impulse does not guarantee the highest possible payload capacity for a rocket. Conceptually, a
rocket vehicle that has an efficient engine (high specific impulse) would logically carry the most
payload. Therefore, in various instances rocket engines are optimized to have the highest specific
impulse possible. However, this does not necessarily result in the overall best system, based on
the results of the following analysis performed using the RFS trade study code.
The RFS trade study code, with the addition of the variable specific impulse expression,
is able to estimate the maximum payload a vehicle can carry for a given engine and fuel pump
system. Based on the desired delta-V, the trade study code calculates the mass of the required
fuel, engine, fuel pumps, tanks, hoses, and vehicle structure. Having calculated the system mass,
the code then is able to estimate the maximum payload mass that the vehicle could carry for a
given engine and thrust.
One of the masses that is accounted for in the trade study code’s mass estimate is the
weight of the required fuel and oxidizer. The predominant mass involved with space-bound
vehicles tends to be the mass of the propellants; therefore, changing the amount can result in a
change to the vehicle’s payload capacity. The other large factor involved is the mass of the tanks
used to store the propellants. In the case of hydrogen and oxygen, the two elements have vastly
different densities when stored in a liquid form. Liquid oxygen is much denser than liquid
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hydrogen, so it requires a significantly smaller volume and thus a smaller, lighter tank. On the
other hand, liquid hydrogen has a very low density and requires a relatively large, heavy tank.
For the case of hydrogen and oxygen, a higher mixture ratio results in more oxygen and
less hydrogen. While oxygen is heavier than hydrogen, the mass increase by adding oxygen is
offset by the mass lost by decreasing the hydrogen fuel tank size. This means that the overall
system mass can be reduced, resulting in a higher payload capacity, as the mixture ratio is
increased. This relationship is shown to be true for both the conventional pressure fed and
turbopump systems, as well as for the RFS.
Figure 5 shows the conventional pressure fed system as modeled in the trade study code.
For this analysis, the inert helium gas for tank pressurization is stored in the fuel tank and is
warmed prior to being used.

Figure 5: Conventional Pressure Fed System Model

With this feed system configuration and the addition of the specific impulse calculation,
the trade study code was used to plot the change in possible payload as a function of mixture
ratio as shown in Figure 6.
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Figure 6: Specific Impulse and Possible Payload vs Mixture Ratio for a Conventional
Pressure Fed System using Hydrogen/Oxygen

The specific impulse is also plotted on Figure 6 and note that, as expected, the possible
payload curve increases as mixture ratio increases. Interestingly, the optimal specific impulse is
not achieved at the same mixture ratio in which the possible payload achieves its maximum.
The same analysis was also performed on a vehicle utilizing the RFS system. This test
utilized the internal RFS system, which simply stores the RFS tanks within the fuel and oxidizer
tanks as a means of space conservation and insulation. Figure 7 shows the internal RFS as it is
represented in the trade study code. Once again, the inert pressurant gas bottles are stored in the
fuel tank and the gas is preheated prior to being used as pressurant.

Figure 7: Internal RFS System
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As was done with the pressure fed system, the trade study code was used to plot both the
change in possible payload and specific impulse versus the change in mixture ratio. Once again,
as shown by Figure 8, the optimal specific impulse is achieved at a mixture ratio of 5.2 while the
maximum payload capacity is reached at a mixture ratio of nearly 6.8.

Figure 8: Specific Impulse and Possible Payload vs Mixture Ratio for an Internal RFS
System using Hydrogen/Oxygen

The results of this plot clearly demonstrate that the optimal specific impulse is not always
the best choice in order to design a vehicle that can deliver the highest payload. However, to
confirm the robustness of this observation, the same analysis was also performed on a vehicle
utilizing a turbopump as shown in Figure 9.

Figure 9: Conventional Turbopump System
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The turbopump system shown in Figure 9 attempts to model the turbopump configuration
as would be seen on a spacecraft utilizing a RL-10C-1 engine. This configuration was also tested
using the trade study code and the plot is shown in Figure 10.

Figure 10: Specific Impulse and Possible Payload vs Mixture Ratio for a Conventional
Turbopump System using Hydrogen/Oxygen

As expected, and shown in Figure 10, the turbopump system also does not achieve its
maximum delivered payload at is optimal specific impulse. This observation is especially
interesting considering the RL-10C-1 is nominally operated on spacecraft near a mixture ratio of
5.5 (Aerojet Rocketdyne 2019), even though a mixture ratio near 6.5 would have allowed the
spacecraft to deliver its maximum payload.
An important note on this observation is that not all fuel/oxidizer pairs have as large of
difference in density as seen by hydrogen and oxygen. Therefore, the optimal specific impulse
and maximum possible payload are typically located at approximately the same mixture ratio for
other propellant combinations. Figure 11 and Figure 12 demonstrate this by plotting the same
results as shown in Figure 10, but rather for a turbopump using RP-1/Oxygen and MMH/N204.
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Figure 11: Specific Impulse and Possible Payload vs Mixture Ratio for a Conventional
Turbopump System using RP-1/Oxygen

Figure 12: Specific Impulse and Possible Payload vs Mixture Ratio for a Conventional
Turbopump System using MMH/N204
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Conclusion
The RFS trade study code is an important tool for comparing the RFS with other
propellant feed systems. Improving the trade study code such that it now includes
thermochemical properties allows for a more accurate and detailed analysis. The specific impulse
expressions developed to accomplish this are also useful in applications outside of the trade
study code. Other researchers desiring a quick first-order specific impulse estimation no longer
need to rely solely on proprietary thermochemical software.
The inclusion of the specific impulse calculations in the trade study code also made it
possible to make the observation that the optimal specific impulse does not correlate with the
maximum deliverable payload for propulsion systems utilizing hydrogen and oxygen. While this
observation is unique to the hydrogen/oxygen propellant combination, it is nonetheless important
since a large portion of modern rockets and spacecraft utilize these propellants. Therefore, these
results could be helpful in improving rocket and spacecraft payload capacity while developing
future propulsion systems.
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Appendix

Additional Fuel/Oxidizer Specific Impulse Equations
The following expressions were developed to estimate the specific impulse over a large
range of input values. All of the following equations are valid for an input chamber pressure
range of 500-24,000 psi, mixture ratios ranging from 1-6, and expansion ratios ranging from 113. The expression for each propellant combination is shown along with its polynomial
coefficients. Each expression was tested by calculating the specific impulse for both controlled
and random data sets. The controlled data set changed only one variable at a time while fixing
the other two; however, the random data set used randomly selected values for all three
variables. The error was then calculated by comparing the calculated specific impulse to the
specific impulse found using CequelTM.
Hydrogen/Oxygen
Although this equation was presented in the manuscript, it is reproduced here along with
its representative plots.
𝐼𝑆𝑃 = (𝐶1 𝑀5 + 𝐶2 𝑀4 + 𝐶3 𝑀3 + 𝐶4 𝑀2 + 𝐶5 𝑀) + (𝐶6 𝑃2 + 𝐶7 𝑃) + (𝐶8 𝑅 6 + 𝐶9 𝑅 5 +
𝐶10 𝑅 4 + 𝐶11 𝑅 3 + 𝐶12 𝑅 2 + 𝐶13 𝑅) + 𝐶14 𝑀𝑃𝑅 + 𝐶15
Eqn. A1
Where, C represents arbitrary coefficients listed in Table A1.
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Table A1: Hydrogen/Oxygen Curve Fit Coefficients for Equation A1
𝐶1

0.09285172

𝐶6

-6.09E-09

𝐶11

9.457802

𝐶2

-2.006682

𝐶7

-0.0002319

𝐶12

-50.69267

𝐶3

17.44563

𝐶8

-0.00104432

𝐶13

148.7226

𝐶4

-78.79722

𝐶9

0.05017156

𝐶14

21.50674

𝐶5

186.52

𝐶10

-0.9632125

𝐶15

1.76E-05

When compared to CequelTM, the specific impulse calculated using Equation A1 and
controlled inputs had a maximum error of 1.32%. Figure A1, Figure A2, and Figure A3 show the
representative plots for the controlled analysis. Calculating specific impulse using Equation A1
and random inputs produced a maximum percent error of 5.22%.

Figure A1: Hydrogen/Oxygen, Specific Impulse vs Chamber Pressure, Constant Expansion
Ratio and Mixture Ratio, R2 = 0.832
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Figure A2: Hydrogen/Oxygen, Specific Impulse vs Mixture Ratio, Constant Chamber
Pressure and Expansion Ratio, R2 = 0.999

Figure A3: Hydrogen/Oxygen, Specific Impulse vs Expansion Ratio, Constant Chamber
Pressure and Mixture Ratio, R2 = 0.998

Methane/Oxygen
𝐼𝑆𝑃 = (𝐶1 𝑀5 + 𝐶2 𝑀4 + 𝐶3 𝑀3 + 𝐶4 𝑀2 + 𝐶5 𝑀) + (𝐶6 𝑃2 + 𝐶7 𝑃 + 𝐶8 𝑃0.5 ) + (𝐶9 𝑅 6
+ 𝐶10 𝑅 5 + 𝐶11 𝑅 4 + 𝐶12 𝑅 3 + 𝐶13 𝑅 2 + 𝐶14 𝑅) + 𝐶15 𝑀𝑃𝑅 + 𝐶16
Eqn. A2
Where, C represents arbitrary coefficients listed in Table A2.
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Table A2: Methane/Oxygen Curve Fit Coefficients for Equation A2
𝐶1

-0.5308503

𝐶7

-0.0015869

𝐶13

-45.23291

𝐶2

9.659968

𝐶8

0.215257

𝐶14

126.7608

𝐶3

-63.91149

𝐶9

-0.00111282

𝐶15

6.26E-06

𝐶4

177.2198

𝐶10

0.0514623

𝐶16

106.1337

𝐶5

-161.0321

𝐶11

-0.947351

𝐶6

2.25E-08

𝐶12

8.878911

The specific impulse calculated using Equation A2 and controlled inputs had a maximum
error of 2.72% when compared to the specific impulse calculated using CequelTM. Figure A4,
Figure A5, and Figure A6 show the representative plots for the controlled analysis. Calculating
specific impulse using Equation A2 and random inputs produced a maximum percent error of
9.05%.

Figure A4: Methane/Oxygen, Specific Impulse vs Chamber Pressure, Constant Expansion
Ratio and Mixture Ratio, R2 = 0.953
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Figure A5: Methane/Oxygen, Specific Impulse vs Mixture Ratio, Constant Chamber
Pressure and Expansion Ratio, R2 = 0.991

Figure A6: Methane/Oxygen, Specific Impulse vs Expansion Ratio, Constant Chamber
Pressure and Mixture Ratio, R2 = 0.998

RP-1/Oxygen
𝐼𝑆𝑃 = (𝐶1 𝑀6 + 𝐶2 𝑀5 + 𝐶3 𝑀4 + 𝐶4 𝑀3 + 𝐶5 𝑀2 + 𝐶6 𝑀) + (𝐶7 𝑃2 + 𝐶8 𝑃 + 𝐶9 𝑃0.5 )
+(𝐶10 𝑅 6 + 𝐶11 𝑅 5 + 𝐶12 𝑅 4 + 𝐶13 𝑅 3 + 𝐶14 𝑅 2 + 𝐶15 𝑅) + 𝐶16 𝑀𝑃𝑅 + 𝐶17
Eqn. A3
Where, C represents arbitrary coefficients listed in Table A3.
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Table A3: RP-1/Oxygen Curve Fit Coefficients for Equation A3
𝐶1

0.250756

𝐶7

1.60E-08

𝐶13

4.71491

𝐶2

-5.474391

𝐶8

-0.00126367

𝐶14

-27.86412

𝐶3

46.70611

𝐶9

0.2264062

𝐶15

93.23136

𝐶4

-193.2856

𝐶10

-0.00043314

𝐶16

1.90E-07

𝐶5

381.1962

𝐶11

0.02182334

𝐶17

1.32E+02

𝐶6

-2.76E+02

𝐶12

-0.444881

When compared to CequelTM, the specific impulse calculated using Equation A3 and
controlled inputs had a maximum error of 3.8%. Figure A7, Figure A8, and Figure A9 show the
representative plots for the controlled analysis. Calculating specific impulse using Equation A3
and random inputs produced a maximum percent error of 7.5%.

Figure A7: RP-1/Oxygen, Specific Impulse vs Chamber Pressure, Constant Expansion
Ratio and Mixture Ratio, R2 = 0.984
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Figure A8: RP-1/Oxygen, Specific Impulse vs Mixture Ratio, Constant Chamber Pressure
and Expansion Ratio, R2 = 0.988

Figure A9: RP-1/Oxygen, Specific Impulse vs Expansion Ratio, Constant Chamber
Pressure and Mixture Ratio, R2 = 0.998

MMH/N2O4
𝐼𝑆𝑃 = (𝐶1 𝑀6 + 𝐶2 𝑀5 + 𝐶3 𝑀4 + 𝐶4 𝑀3 + 𝐶5 𝑀2 + 𝐶6 𝑀) + (𝐶7 𝑃2 + 𝐶8 𝑃 + 𝐶9 𝑃0.5 )
+(𝐶10 𝑅 6 + 𝐶11 𝑅 5 + 𝐶12 𝑅 4 + 𝐶13 𝑅 3 + 𝐶14 𝑅 2 + 𝐶15 𝑅) + 𝐶16 𝑀𝑃𝑅 + 𝐶17
Eqn. A4
Where, C represents arbitrary coefficients listed in Table A4.
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Table A4: MMH/N204 Curve Fit Coefficients for Equation A4
𝐶1

0.0673577

𝐶7

2.93E-09

𝐶13

5.13874

𝐶2

-1.34419

𝐶8

-0.00014624

𝐶14

-28.6283

𝐶3

9.80386

𝐶9

0.0792298

𝐶15

9.09E+01

𝐶4

-28.5782

𝐶10

-0.00058437

𝐶16

-1.15E-05

𝐶5

6.72E+00

𝐶11

0.027329

𝐶17

49.6908

𝐶6

9.66E+01

𝐶12

-0.51834

The specific impulse calculated using Equation A4 and controlled inputs had a maximum
error of 3.56% when compared to the specific impulse calculated using CequelTM. Figure A10,
Figure A11, and Figure A12 show the representative plots for the controlled analysis.
Calculating specific impulse using Equation A4 and random inputs produced a maximum percent
error of 4.94%.

Figure A10: MMH/N204, Specific Impulse vs Chamber Pressure, Constant Expansion
Ratio and Mixture Ratio, R2 = 0.903
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Figure A11: MMH/N204, Specific Impulse vs Mixture Ratio, Constant Chamber Pressure
and Expansion Ratio, R2 = 0.998

Figure A12: MMH/N204, Specific Impulse vs Expansion Ratio, Constant Chamber
Pressure and Mixture Ratio, R2 = 0.998
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